Calcium channel blockers (CCBs) are being widely used for the treatment of cardiovascular diseases. However, CCBs have embryolethality and teratogenic potentials, as indicated by digital and cardiovascular defects in experimental animals (Ariyuki, 1975; Fukunishi et al., 1980; Lee and Nagele, 1986; Yoshida et al, 1988; Momma and Takao, 1989; Danielsson et al, 1989) . Danielsson et al (1990) suggested that the digital defect caused by nifedipine (NIF) in rabbits was secondary to pharmacological action and not a direct effect on fetal chondrogenesis. They also suggested that the digital defects were attributable to maternal and fetal vascular disruptions, which result in a decreased oxygen supply to embryonic/fetal tissue (Danielsson ex al, 1992) . Stein et al (1990) found effects of CCBs on embryonic development, particularly on the yolk sac circulation, when rat embryos were cultured with the compounds from Gestation Day (GD) 9.5 for 48 hr. They speculated that the malfunction of the yolk sac circulation might affect embryonic development and that these effects were probably due to the calcium channel blocking properties. In a previous in vitro study (Ban et al, 1996) , NIF, diltiazem (DIL), and verapamil (VER) caused dose-dependent reductions in embryonic heart rates (HRs) and morphological abnormalities, and it was suggested that CCB embryotoxicity was partly due to circulation defects. However, the definitive mechanism of the embryotoxicity induced by CCBs remains to be elucidated.
In order to investigate whether the effects of CCBs on embryotoxicity were directly related to blockage of calcium channels in rat embryos, a calcium channel agonist, Bay K 8644 (BAY), was added to the culture medium in combination with each CCB using a whole embryo culture system (New, 1978) . The representative CCBs used in the present study were NIF, DIL, and VER (Opie, 1987) . They belong to the dihydropyridines, the benzothiazepines, and the phenylalkylamines, respectively. BAY has positive inotropic and vasoconstrictor actions through the activation of a voltage-dependent calcium channel in contrast to the negative inotropic and vasodilator effects of NIF, even though BAY belongs to the dihydropyridines and is similar in structure to NTF (Schramm et al, 1983a,b) .
MATERIALS AND METHODS

Animals.
Sprague-Dawley rats of the Crj:CD(SD) strain at 10 weeks of age were purchased from Charles River Japan Inc. The animals were kept in an animal room where the temperature (22 ± 2°C), the relative humidity (55 ± 10%), and the light and dark cycle (12 hr each) were controlled. They were allowed to have free access to Purina Rodent Chow and tap water. Females were mated overnight with mature male breeders of the same strain. The day on which a vaginal plug was found was designated as GD 0.
Chemicals.
NIF, DIL, VER were purchased from Sigma Chemical Co. (SL Louis, MO). DIL and VER were dissolved in sterile physiological saline for exposure to the media. NIF and BAY (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were dissolved in dimethyl sulfoxide (DMSO; Wako Pure Chemical Industries, Ltd.). Embryos in the control group were exposed to either physiological saline (0.5%) or DMSO (0.5%). The control vehicles had no influence on either embryonic HR or gross morphology.
Embryo culture. Females were killed by exsanguination under ether anesthesia on GD 11. The uterus was excised and all individual implantation sites were placed in a sterile dish containing Hank's balanced salt solution maintained at 38°C. The decidua and Reichert's membrane were removed under a dissecting microscope. Each embryo was placed in a 15-ml sterile glass culture bottle that contained 3 ml male rat serum and 1 ml Hank's balanced salt solution and then preincubated for more than 2 hr at 38°C. Rat serum was obtained from immediately centrifuged blood and was heatinactivated at 56°C for 30 min. The culture bottles were placed in a rotating culture system (Ikemoto Scientific, Tokyo, Japan) and rotated continuously at 20 rpm except for the time necessary to determine embryonic HR. Culture vessels were gassed with a water-saturated mixture of 95% O 2 and 5% CO 2 throughout the study. The embryonic HR was calculated using the following equation: HR (number of beats/min) = 10/7" X 60, where T is the time in seconds required to visually count 10 beats. Since the embryonic HR is sensitive to temperature change (Robkin et al., 1972) , care was taken to minimize the time necessary to complete the procedure. Some embryos were videotaped and the HR was analyzed to confirm the accuracy of the counting method.
Embryos were then selected for the experiment based on the following criteria: (1) morphologically normal appearance, (2) intact vasculature, (3) good yolk sac circulation, and (4) a HR of 150 to 200. Embryos not fulfilling all these criteria were discarded. Selected embryos were randomly separated into 16 groups (17 to 22 embryos in a group) as follows: (i) control; (ii) BAY, 0.1 itg/ml; (iii) BAY, 1.0 /ig/ml; (iv) BAY, 10 /ig/ml; (v) NTF, 40 /ig/ml; (vi) NIF, 40 ^$/m\, and BAY, 0.1 /ig/mJ; (vii) NIF, 40 /ig/ml, and BAY, 1.0 Mg/ml; (viii) NIF, 40 /ig/ml, and BAY, 10 /ig/ml; (ix) DIL, 6.0 /ig/ml; (x) DIL, 6.0 /ig/ml, and BAY, 0.1 /ig/ml; (xi) DIL, 6.0 /ig/ml, and BAY, 1.0 /ig/ml; (xii) DIL, 6.0 /ig/ml, and BAY, 10 /ig/ml; (xiii) VER, 2.0 /ig/ml; (xiv) VER, 2.0 /ig/ml, and BAY, 0.1 /ig/ml; (xv) VER, 2.0 /ig/ ml, and BAY, 1.0 /ig/ml; (xvi) VER, 2.0 /ig/ml, and BAY, 10 /ig/ml. Ten microliters of physiological saline or DMSO containing each compound was added to the culture medium. In the coexposure groups, the embryos were exposed to each CCB, immediately followed by supplement of the BAY. Embryonic HRs were recorded every 30 min for the first 4 hr and at 20 hr after each chemical addition.
After 20 hr of culture, the yolk sac circulation was checked under a dissecting microscope, and then the yolk sac diameter, crown-rump length, and head length were measured using a micrometer disc in a focusing eyepiece. The number of somites was counted. Each embryo was examined for morphological abnormalities and the morphological score was assessed (Brown and Fabro, 1981) .
Statistics. Statistical significance between the control and the drugexposed groups on embryonic HRs and morphological parameters was determined based on an analysis of variance using a least significant difference procedure. Incidence of altered yolk sac or morphological abnormalities in drug exposure groups was compared with that of the control using a MannWhitney test To evaluate whether BAY suppress die effect of the CCB itself, the difference between the CCB alone and the corresponding BAY coexposure groups was also determined using the same statistical procedures. Significant differences were determined at a confidence level of p < 0.05.
RESULTS
Tables 1 -4 show the average embryonic HR after additions of BAY alone (Table 1) , NIF alone and NIF plus BAY (Table 2) , DIL alone and DIL plus BAY (Table 3) , and VER alone and VER plus BAY (Table 4 ). In the BAY-alone exposure groups, the average embryonic HRs at 10 /xg/ml were significantly increased to 11% above controls during the entire observation period, but the HRs at 0.1 and 1.0 /ig/ ml were comparable to those of controls. Addition of NIF, DIL, or VER alone resulted in 22, 31, and 34% respective decreases in the average embryonic HRs below those of controls. When embryos exposed to each CCB were combined with 1.0 or 10 /xg/ml of BAY, the negative chronotropic effects were partly or completely ameliorated. A combination of NIF and 10 /ig/ml BAY significantly increased the embryonic HRs (11% above controls). In the groups coexposed to NIF and 1.0 /xg/ml BAY, and DIL or VER and 10 /ig/ml BAY, embryonic HRs were comparable to those of controls, although there were significant but transient decreases in the HRs (approximately 7-8% below those of controls) at 0.5 hr and for the first 1.5 hr after coexposures of NIF and 1.0 /ig/ml BAY, and VER and 10 /ng/ml BAY, respectively. But the negative chronotropic effects induced by the CCB alone were not prevented by 0.1 /ig/ml BAY.
In the morphological examination (Table 5) , BAY at 0.1, 1.0, and 10 //g/ml did not affect the embryonic growth and did not cause any gross abnormalities. Embryonic growth was retarded in the NIF-, DIL-, and VER-alone exposure groups, as evidenced by significant decreases in the number of somites and the morphological score. There were significant increases in yolk sac diameter in these groups. All embryos exposed to NTF, DLL, or VER alone had an alteration to the yolk sac; the yolk sac was firmer, pale, and the vitelline vessels were not prominent, suggesting altered circulation (Fig. IB) . Morphological abnormalities observed in these CCB-alone groups were predominantly characterized by enlargements of the pericardium and cardiac tube, hyperemia, hematoma, and tail malformation (Fig. IE) . The delayed embryonic growth, altered yolk sac, and morphological abnormalities induced by the CCB alone were completely prevented by 10 /xg/ml BAY supplementation (Figs. 1C and IF) . Embryonic growth was slightly delayed in the coexposure groups of each CCB and BAY at 1.0 /ig/ml. The percentages of embryos with an altered yolk sac or morphological abnormalities induced by NIF, DIL, or VER alone were reduced from 100% each to 15, 80, and 35%, respectively, by coexposure of BAY at 1.0 /xg/ml. Supplementation of 0.1 /xg/ml BAY did not attenuate the effects of the CCB on the yolk sac and embryonic growth and morphology.
DISCUSSION
The negative chronotrophic effect on embryonic HR, alteration in the yolk sac, embryonic growth retardation, and morphological abnormalities induced by NTF, DIL, or VER were suppressed by coexposure of BAY under the current exposure conditions. The effects depended on the BAY concentration; the effects of the CCB alone were partly or completely ameliorated by coexposure of 1.0 and 10 /xg/ml BAY, but not of 0.1 //g/ml BAY. The results suggested that mechanisms of CCB embryotoxicity were directly related to the calcium channel blocking properties of reduction in embryonic HR. The reduction resulted in the altered yolk sac, the embryonic growth retardation, and dysmorphogenesis. An inhibition of cardiovascular contraction is one of the actions of CCBs (Opie, 1987) , though there are only a few reports to establish reductions of embryonic HRs by CCBs. VER decreased HRs, dorsal blood flow, and ventricular pressure in chick embryos (Clark et ai, 1991) . Reductions in rat embryonic HR were also observed following additions of NIF, DIL, or VER in the previous and present studies. On the other hand, BAY has a positive inotropic action and enhances the contractile state through the activation of voltage-dependent calcium channels. The positive chronotropic and inotropic effects of BAY were inhibited by NIF (Schramm et al., 1983a,b) . Similar pharmacological responses were observed in cultured rat embryos in this experiment. The CCB itself decreased the embryonic HRs, whereas 10 /ig/ml BAY increased the HRs. With coexposure of each CCB and 10 /xg/ml BAY, the embryonic HRs were equal to or greater than control levels, indicating that the negative Reductions in embryonic HRs induced by DIL or VER were prevented by coexposure with 10 /xg/ml BAY, whereas the HR change caused by NIF was prevented by coexposure with BAY only at 1.0 fig/ml . The difference of HR responses between DIL or VER and NIF would be partly due to the doses of each CCB, which were determined based on morphological criteria; i.e., minimum dose to produce a 100% effect on morphogenesis. At these dose levels, DEL and VER alone resulted in 31 and 34% respective decreases in embryonic HRs, while NIF alone resulted in only a 22% decrease in the HR. The other possibility is that NIF, DIL, and VER bind to distinct receptor sites (Glossmann et al., 1982 (Glossmann et al., , 1985 . There is a strong structural similarity and a competitive antagonism between calcium agonistic dihydropyridine (DHP) BAY and calcium antagonistic DHP-type NIF, whereas no structural similarity and only a noncompetitive functional antagonism exist between BAY and the other calcium antagonistic non-DHP-type DIL and VER (Schramm et al., 1983a,b) .
The heartbeat commences at about GD 9.6 in the rat (Goss, 1938) , but has no autonomic innervation at this stage and pumps blood without the vagal reflex. Development of the rat heart innervation begins on GD 14 (Gomez, 1958) .
Factors controlling the embryonic heartbeats prior to the innervation have not been well documented. Robkin et al. (1974 Robkin et al. ( , 1976 showed that the adrenergic response of the heart appears during GD 10, concomitant with the onset of the heart function, whereas the cholinergic response first appears approximately half a day later in development than the adrenergic response. However, it is uncertain when the calcium channels in the embryonic heart are established and start to function during rat organogenesis. Our results indicated that calcium channels were instrumental in controlling preinnervation heartbeats and were functioning at this stage of development (GD 11 to 12) in rat. Stein et al. (1990) reported that CCBs affected the yolk sac circulation and embryonic development when rat embryos were cultured with the compounds from GD 9.5 for 48 hr. Our findings were in good agreement with those of Stein's study, although the embryonic ages tested were different. In the present study, the altered yolk sac was predominant in embryos showing a lower heart rate. The decreases in heart rate would lead to reduced yolk sac blood flow. The yolk sac plays a nutritional role in the period of development prior to the establishment of a functional chorioallantoic placenta (Freeman et al., 1981; Freeman and Lloyd, 1983) . The yolk sac in culture is mainly responsible for the nutrition of cultured embryos. Chemically induced yolk sac dysfunc- tion produced inhibition of histiotrophic nutrition and affected embryonic development (Rogers et al., 1985; Marlow and Freeman, 1987; Sanfeliu et al., 1989) . Morphological abnormalities induced by CCBs were relatively nonspecific and were considered to be mediated by the affected yolk sac circulation.
In conclusion, the results of this study suggested that mechanisms of CCB embryotoxicity were directly related to pharmacological consequences of calcium channel blockage in developing rats.
